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Amethod for simultaneous ro-vibrational and pure-rotational hybrid femtosecond/picosecond coherent anti-Stokes
Raman scattering (fs/ps CARS) is presented for multi-species detection and improved temperature sensitivity from
room temperature to flame conditions. N2∕CH4 vibrational and N2∕O2∕H2 rotational Raman coherences are excited
simultaneously using fs pump pulses at 660 and 798 nm, respectively, and a common fs Stokes pulse at 798 nm. A
fourth narrowband 798 nm ps pulse probes all coherence states at a time delay that minimizes nonresonant back-
ground and the effects of collisions. The transition strength is concentration dependent, while the distribution
among observed transitions is related to temperature through the Boltzmann distribution. The broadband excitation
pulses and multiplexed signal are demonstrated for accurate thermometry from 298 to 2400 K and concentration
measurements of four key combustion species. © 2014 Optical Society of America
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Coherent anti-Stokes Raman scattering (CARS) spectros-
copy has been used extensively for accurate, in-situ
temperature and relative species concentration measure-
ments in gas-phase samples to increase the understanding
of chemical reactions pertinent to complex combustion
processes [1]. Early efforts implemented CARS using
nanosecond (ns) sources to excite vibrational or pure-
rotational molecular transitions. To excite multiple
species simultaneously, dual-broadbandCARSwas devel-
oped to study closely spaced Raman transitions using two
broadband dye lasers [2]. Another technique, dual-pump
CARS, uses two separate narrowband pump beams that
can be tuned to excite a variety of molecule pairs [3].
Bengtsson et al. combined vibrational CARS and dual-
broadband CARS to simultaneously excite and detect
ro-vibrational and pure-rotational spectra [4]. This work
was expanded on by Roy et al. to excite pure-rotational
spectra of N2 and O2 and ro-vibrational spectra of N2
and CO2 to measure concentration and temperature
within low- and high-temperature regions [5]. Tedder et al.
increased the spectral excitation bandwidth using a
unique mixture of laser dye to measure seven species
within H2∕C2H4 combustion mixtures [6]. Recently, Satija
and Lucht utilized a two-beam configuration to generate
pure-rotational CARS and a third beam to probe N2 ro-
vibrational CARS, offering temperature measurements
over a broad range using a simplified setup [7].
Challenges associated with ns CARS temperature and
species measurements include low laser repetition rates,
uncertainties due to nonresonant background [8], and
collisional broadening at elevated pressures [9]. To iso-
late the resonant CARS signal from nonresonant back-
ground, picosecond [10] and femtosecond [11] laser
sources have been used to temporally separate the probe
and preparation pulses. To avoid complex coherent
interferences that occur with broadband femtosecond
excitation/detection of multiple species, an approach
that combines broadband, femtosecond excitation with
narrowband, picosecond detection has been employed.
This approach, hybrid femtosecond/picosecond (fs/ps)
CARS, can be used to enhance chemical specificity
[12,13], simplify spectral analysis, suppress nonresonant
background, and reduce the effects of collisions for ac-
curate thermometry from low to high pressures [14].
Hybrid fs/ps CARS has been used to probe the vibra-
tional transitions of N2 for high-speed measurements of
temperature with a precision of 2.2% and error of 3.3%
[15], but is limited to temperatures above ∼1200 K due
to low population of the N2 hot bands. Additionally, pure-
rotational CARS has been implemented to measure
temperature with errors of 1.8% and 2.5% at 1400 and
2283 K, respectively, with spectral focusing and second-
harmonic bandwidth compression of the ps probe [16].
Measurements of relative species concentrations have
been accomplished using rotational or vibrational transi-
tions of N2∕O2 [16,17] or N2∕CH4 [18], respectively, and
the ability to excite multiple species, such as N2, H2, CH4,
and CO2, has been demonstrated using ultra-broadband
CARS with a supercontinuum source [19].
In this Letter, quantitative measurement of four spe-
cies (N2, O2, CH4, and H2) is demonstrated along with
thermometry over a wide range from 298 to 2300 K
through simultaneous pure-rotational and ro-vibrational
hybrid fs/ps CARS. The ability to measure multiple spe-
cies concentrations and wide temperature variations
with minimal interferences from nonresonant back-
ground and collisions is important in unsteady combus-
tion and other gas-phase reacting flows. This approach
can furthermore be expanded to include additional spe-
cies by utilizing laser sources with significantly wider
spectral bandwidth.
Hybrid fs/ps CARS is a nonlinear, four-wave-mixing
process that utilizes 100-fs pump/Stokes pulses (ωp∕ωs)
to excite vibrational and/or rotational transitions of a
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sample molecule. A third, frequency-narrowed picosec-
ond pulse (ωprobe) is used to probe the molecular
response. Simultaneous excitation of vibrational and
rotational Raman coherences is accomplished using
one Stokes beam, ωs, at 798 nm and two pump beams,
ωp1 and ωp2, at 660 and 798 nm, respectively. A narrow-
band pulse, ωprobe, at 798 nm is used to probe both Raman
coherences and is delayed in time to suppress nonreso-
nant interferences. The resulting frequency-resolved
CARS signals contain ro-vibrational spectra and pure-
rotational spectra. This configuration is shown in the
time domain in Fig. 1(a) and frequency domain in
Fig. 1(b).
Figure 1 only displays the excitation of vibrational and
rotational N2 transitions, but the same pulse arrangement
also excites pure-rotational transitions of O2, the S0
pure-rotational transition of H2 at 354 cm−1, and the ν1
vibrational transition of CH4 at 2914 cm−1 because of
the broadband pulses used. The frequency difference be-
tween the 660 nm pump and 798 nm Stokes pulses is cen-
tered between the N2 and CH4 Q-branch transitions [18].
As discussed by Engel et al. [18], the molecular number
density can be related to the CARS signal by Eq. (1) for
well-separated transitions:
Ni ∝

ICARSji
p
Ai

INRji

dσ
dΩ

i
r . (1)
Here, ICARSji is the CARS intensity of species i, Ai is an
experimental constant, and dσ∕dΩi is the relative
Raman cross section. INRji represents the excitation ef-
ficiency of species i since the excitation energy has the
same spectral characteristics as the nonresonant CARS
intensity as measured within a cell of argon. For a mix-
ture of n species, the mole fraction of species i can be
described by
xi 
NiPn
j1 Nj
. (2)
Combining Eqs. (1) and (2) and consolidating the
excitation energy, the Raman cross section, and the
experimental constant for each species into constants
Ki, which can be determined based on a calibration
curve, the measured mole fraction for one species is
defined by
xi 
Ki

ICARSji
p
P
n−1
j1 Kj

ICARSjj
p  ICARSjnp . (3)
In this work, Eq. (3) is used to calculate mole fractions
of CH4 and H2 within a mixture of N2, CH4, and H2. To
relate CH4 to H2, which are simultaneously excited but
collected separately, Q-branch transitions are normalized
to the νN2 transition, and S-branch transitions are nor-
malized to the N2J  8 transition. Because N2 is nearly
inert in combustion reactions, it is an excellent candidate
to relate species detected separately. The measurement
of O2 mole fraction within a mixture of N2 and O2 is also
achieved utilizing Eq. (3). In addition, a method for meas-
uring mole fraction with non-isolated N2∕O2 lines is also
investigated for enhancing accuracy at low O2 mole frac-
tions and for use when isolated lines are unavailable.
In addition to mole fraction, temperature is measured
using vibrational and rotational CARS spectra. A time-
and frequency-resolved model based on fundamental
spectroscopic constants and experimental parameters
was used to generate N2 ro-vibrational and N2∕O2 rota-
tional spectra at various temperatures as implemented by
Miller and co-workers [15,20] and described in detail by
Stauffer et al. [21] and Prince et al. [12]. Best-fit temper-
atures were computed using a spectral library and opti-
mization algorithm to minimize the residual between
experimental and modeled spectra.
The experimental arrangement is modified from
previously published studies [15,20]. A Ti:sapphire,
regeneratively amplified, 1-kHz-rate laser (Solstice,
Spectra-Physics) is used to produce a 2.5 mJ,
150 cm−1, 100 fs pulse centered around 798 nm. 1.5 mJ
is directed into a variable-bandwidth 4-f pulse shaper.
The output, ωprobe, is used as the probe pulse for both
rotational and vibrational fs/ps CARS. During this work,
a 2.5 cm−1 Gaussian probe pulse was selected to provide
sufficient spectral resolution for rotational CARS and
adequate energy to perform vibrational CARS at high
temperature.
The remaining 1 mJ from the source is used to pump an
optical parametric amplifier (TOPAS, Spectra-Physics).
The output of the OPA is frequency doubled using a
second-harmonic-generation crystal, and the wavelength
can be tuned to excite transitions of multiple molecules
as the vibrational pump pulse, ωp1. The residual of the
OPA is split using a 50/50 beam splitter. One-half of
the beam is used as the Stokes pulse, ωs, while the other
half is used as the rotational CARS pump beam, ωp2. The
frequency difference between ωp1 and ωs corresponds to
vibrational transitions of N2 and CH4, and the difference
between ωp2 and ωs corresponds to pure-rotational tran-
sitions of N2, O2, and H2. A BOXCARS phase-matching
configuration is used, with the two pump beams, ωp1
and ωp2, aligned collinearly. The probe pulse is delayed
in time (τ23) relative to the preparation pulses to suppress
nonresonant background. The resulting collinear pure-
rotational and ro-vibrational CARS signals can be
directed to a 0.303 m spectrometer (Shamrock SR-3031,
Andor) and resolved separately using a 1200 line∕mm
grating and an electron-multiplied CCD camera (DU-
970 P-UVB, Newton).
The simultaneous dual-pump vibrational/rotational fs/
ps CARS technique was used to measure mole fractions
of CH4 and H2 in a CH4∕H2∕N2 mixture within a 298 K
flow cell. The same cell was used to study a binary
mixture of O2 and N2 at concentrations simulating O2
Fig. 1. CARS timing and frequency diagrams.
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consumption during a reaction. To test the system
capability for thermometry, CARS measurements were
performed within the product stream of an adiabatic
H2–air Hencken burner flame over a range of fuel/air
equivalence ratios (60 SLPM typical H2–air flow rate).
Figure 2 shows sample CARS spectra recorded within
a mixture of 50% N2, 30% H2, and 20% CH4 at a probe de-
lay of 12 ps. As discussed earlier, the intensities of the
ν1CH4 and νN2 vibrational transitions and the N2J 
8 and H2 S0 pure-rotational transitions be used to
calculate the respective mole fractions. Figure 2 also dis-
plays the measured mole fractions versus the set mole
fractions of H2 and CH4. The horizontal error bars re-
present the uncertainty of the set mole fractions attribut-
able to the mass-flow controllers. The experimental
constant, K , for H2 and CH4 is 1.82 and 0.92, respectively.
The absolute error associated with the concentration
measurement is shown at the bottom of Fig. 2 and is less
than 0.011 for H2 and 0.013 for CH4 for mole fractions
between 0.05 and 0.50.
Due to the well-separated nature of the ν1CH4 and
νN2 transitions and the N2J  8 and H2 S0 transi-
tions, measuring mole fractions of CH4, H2, and N2 within
a gas mixture is relatively straightforward. However, O2
and N2 rotational transitions are spectrally overlapped at
atmospheric conditions, resulting in a complex spec-
trum. Frequency beating between overlapping transitions
can be observed by delaying the probe pulse in time, as
highlighted by the experimental time-frequency plot in
Fig. 3(a). For the purposes of this study the probe was
set to a fixed delay of 12.5 ps [Fig. 3(a) red line], and the
resulting spectra at varying concentrations of O2 and N2
are shown in Fig. 3(b). Initially the gas cell was filled with
air [Fig. 3(b) dark blue line plot] and the N2 concentration
was increased incrementally until the cell contained
100% N2 [Fig. 3(b) red dashed line plot]. This concentra-
tion range spans typical combustion conditions. The line
positions for N2 and O2 S-branch transitions were calcu-
lated and are shown in Fig. 3(c).
The following analysis demonstrates two methods for
measuring the O2 concentration. To calculate O2 mole
fractions similar to the previous calculations for CH4
and H2, well-separated N2 and O2 transitions must be
available. As evident from the line positions in Fig. 3(c),
a separated N2J  14 transition exists near 123 cm−1.
This transition can be considered separated because
its intensity decays as a simple exponential function in
time. In Fig. 3(b) all spectra are normalized to this tran-
sition. There is a near-separated O2N  11 transition at
72 cm−1, but its response is an exponential decay with an
oscillating amplitude, indicating slight overlap with the
adjacent N2 transitions. However, this transition was
compared to the N2J  14 line, and Eq. (3) was used
to calculate O2 mole fraction. The results of this calcula-
tion for O2 mole fractions up to 0.21 are shown in
Fig. 4(a), where KO2 is 0.08 and the horizontal error bars
associated with uncertainty of the set mole fractions are
within the symbols. The measurement error is better than
0.011 for O2 mole fractions greater than 0.04 but in-
creases substantially at lower concentrations.
Mole fraction information can also be found by consid-
ering the nearly overlapped O2N  13 and N2J  9
transitions near 83.5 cm−1, with a central frequency sep-
aration of 0.2 cm−1. As shown in Fig. 3(b), the transition
from air to pure N2 results in a simple decrease in the line
intensity with no appreciable shift in the peak spectral
location or change in line shape. This mixed spectral fea-
ture was compared to the N2J  14 line and the result
as a function of theoretical mole fraction is shown in
Fig. 4(b). These results fit well to a second-order polyno-
mial, as indicated in Eq. (4), where p1, p2, and p3 are co-
efficients determined using a least squares fitting routine
and R is defined in Eq. (5). This relationship can be used
as a secondary method of measuring O2 mole fraction
with reduced error at low mole fractions:
Fig. 2. Sample (a) H2∕N2 spectra, (b) CH4∕N2 spectra, and
measured mole fractions of (c) H2 and (d) CH4.
Fig. 3. (a) Experimental time-frequency plot of_fs/ps RCARS
in air at 298 K, (b) RCARS spectra of N2∕O2 at time delay
indicated by white line in (a) normalized to the N2J  14 tran-
sition with concentrations varying from air to pure N2, and
(c) calculated N2∕O2 line positions.
Fig. 4. (a) Measured O2 mole fraction calculated from a nearly
isolated O2 transition. (b) Calibration curve shown with poly-
nomial fit for overlapped N2 and O2 transitions.
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xO2  p1R2  p2R p3; (4)
R 
 
ICARSjO2N13;N2J9
p

ICARSjN2J14
p
!
. (5)
Although the measurement of O2 mole fraction is
shown within a simple binary mixture, this measurement
can be performed within a sample of N2, O2, CH4, and
H2 using the same procedure but normalizing all pure-
rotational spectra to the well-separated N2J  14
transition.
Dual-pump vibrational/rotational fs/ps CARS was per-
formed within a H2–air flame for fuel/air equivalence ra-
tios (ϕ) between 0.1 and 1.0 and at room temperature to
evaluate the accuracy of the technique for thermometry
over a wide range of temperatures. The results of these
measurements are shown in Fig. 5; the vertical error bars
represent one standard deviation due to the variation of
best-fit temperatures for 100 time-averaged spectra. The
probe pulse was delayed 7.5 ps from the preparation
pulses to minimize nonresonant background and perform
the temperature measurement before collisional line
broadening becomes significant. The RCARS and VCARS
temperature measurements at ϕ  0.4 agree within one
standard deviation verifying the assumption of rotational
and vibrational equilibrium. The solid line represents the
calculated adiabatic flame temperature assuming equilib-
rium-combustion products. Typical accuracies for the
temperature range in Fig. 5 are 95% and 98% for RCARS
and VCARS measurements, respectively. The larger error
in RCARS measurements is due to error in the theoretical
modeling of overlapping O2 and N2 rotational transitions
and requires further evaluation. However, this work dem-
onstrates the feasibility for using dual-pump vibrational/
rotational fs/ps CARS for thermometry in combustion
environments.
In summary, this Letter demonstrated a dual-pump
hybrid fs/ps CARS system that can simultaneously
excite ro-vibrational and pure-rotational transitions of
multiple molecules. This system can be used to detect
vibrational spectra of N2 and CH4 and rotational spectra
of N2, O2, and H2 for concentration measurements and
thermometry over a wide range (298–2400 K). Accuracies
are similar to that of ns CARS measurements of single
species or over narrower temperature ranges. Moreover,
these measurements are insensitive to collisions, inde-
pendent of nonresonant background, and can be
performed with higher repetition-rate laser sources.
Future concentration measurements could be extended
to include simultaneous vibrational excitation and mea-
surement of CO and CO2 through the use of a laser
source with wider spectral bandwidth. Additionally,
simultaneous excitation of ro-vibrational and pure-
rotational energy states could be used to explicitly study
vibrational–rotational nonequilibrium distributions.
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